The inhibition properties of bee wax propolis (BWP) extract on the 304SS in 0.5 M sulfuric acid were conducted using potentiodynamic polarization, EIS, and XRD. Quercetin (2-(3.4-dihydroxy phenyl)-3.5.7-trihydroxy-4H-chromen-4-one) was identified as the main compound in the BWP extract based on FTIR and HPLC analysis. The results showed that the inhibitor could retard the corrosion rate of 304SS in 0.5 M sulfuric acid which reached 97.29% and 91.42% at 2000 ppm based on potentiodynamic polarization and EIS measurement, respectively. The inhibition efficiency decreased with increasing temperature. The inhibition mechanism of BWP extract on the 304SS was physisorption and obeyed Temkin adsorption isotherm equation. The thin protective layer on the 304SS surface was confirmed by XRD.
Introduction
Stainless Steel (SS) type 304 is widely used as the main construction in the nuclear, petroleum, energy, food, and medicine industry as well as the electrochemical industry [1] . The 304SS can be applied in various fields of industry and nonindustry compared to other types. It has high corrosion resistance in aggressive environments, especially under high temperature conditions on gas environment. The corrosion resistance is from stable chrome oxide layer on the metal surface that protects the metal from corrosive environment attack [2] .
The acid pickling, cleaning, and descaling and also oil acidizing are meant to remove the dirt, scale, and rust on steel. The process uses strong acids, such as hydrochloric acid (HCl) and sulfuric acid (H 2 SO 4 ) in various concentrations [3] . However, the high reactivity of sulfuric acid can cause the 304SS to be corroded. This is due to the dissolution of the protective layer of chromium oxide containing nickel directly. Therefore, the corrosion was controlled by using inhibitor. This was done because it is a simple application and has no effect on the production process [4] . The use of inhibitors in general has been widely studied to solve a metal corrosion problem in acid solution [5] [6] [7] [8] [9] [10] [11] . Inhibitors are substances that can reduce and prevent the metal reaction in its environment with a very small amount [12] [13] [14] [15] [16] .
Formerly, inhibitors which were widely used were inorganic inhibitors. However, inorganic inhibitors have a lot of disadvantages. The salts form of chromate compounds has high toxicity that is harmful to the environment. Another inorganic inhibitor is titanium (IV) oxide (TiO) that is rarely used because of being very expensive. Moreover, inorganic inhibitors have characteristics that increase the corrosion rate if used in excess amount [17] . Therefore, the use of inorganic inhibitors has been replaced by organic inhibitors which are more eco-friendly, cheaper, and easier to obtain [18] [19] [20] [21] [22] [23] [24] [25] . The efficient inhibitors are organic compounds that contain electronegative atom (i.e., N, S, or O) or double bond in their structure [26] [27] [28] . Unfortunately, the synthetic organic compounds can be toxic and hazardous for environment, so today many researchers use organic compounds from natural materials as inhibitor. Organic inhibitors from natural material used are part of the plant [29] , such as extract of the leaves [5, 18] , seeds [19] , fruit [20] , and rod [21] . Aside from the parts of plants, honey is also a natural material that have been reported to be good for retarding the corrosion rate of copper, carbon steel alloys, and aluminum in salt environment [15, 24, 25] .
Honey is a natural result that is processed by bees from the nectar of flower or plant parts. However, the price of honey is expensive and it is commonly used as the drug makes it nonefficient as an inhibitor on an industrial scale. Therefore, we use the bee wax propolis (BWP) extract as inhibitor in the present study. The BWP is a waste of honeycomb and contains a compound similar to honey so it is possible to be used as a corrosion inhibitor. The present study is devoted to investigation of the inhibition efficiency of the BWP extract for corrosion of 304SS in 0.5 M H 2 SO 4 solution. The corrosion measurement was performed by an electrochemical method. The influence of temperature on the inhibition efficiency and mechanism of inhibition and the formation of a passive layer will also be discussed.
Materials and Methods

Sample Preparation, Extraction, and Inhibitor Characteristics.
The 304SS in the present study had chemical composition (wt%): 0.04% C, 0.52% Si, 0.92% Mn, 0.030% P, 0.002% S, 9.58% Ni, 18.15% Cr, and bal. Fe. The 304SS specimens with 0.2 mm × 1 cm × 1 cm dimension were prepared for the working electrode (WE). The WE was added to epoxy resin with a geometric exposed surface area measuring 1 cm 2 and connected to the electrolyte. Before the experiment, the specimen surface was polished with emery paper of grades 400 to 1200 consecutively.
The BWP is used as honeycomb waste that had been squeezed 3-4 times. These wastes were usually in the form of wax and remaining of sticky honey. The BWP was extracted by liquid-liquid method in order to obtain the optimum conditions. The extract of BWP was characterized by Fourier Transform Infrared Spectroscopy (FTIR) and High Performance Liquid Chromatography (HPLC). FTIR analysis aims to determine the functional groups contained in the BWP extract. FTIR spectra showed the characteristic wavenumber of flavonoids, which were a carbonyl group (C=O, ketone) at 1712.67 cm −1 , OH at 3367.48 cm −1 , and aromatic group at 1649.02, 1514.02, and 1460.01 cm −1 . Identification of the main compounds in the BWP extract was followed by HPLC analysis. The result of HPLC identification showed that quercetin (2-(3,4-dihydroxyphenyl)-3,5,7-trihydroxy-4H-chromen-4-one) was the greatest compound in the BWP extract.
Electrochemical Measurement.
Standard ASTM (American Standard and Testing) G31 was the reference used in this measurement [31] . One batch contained 0.5 M sulfuric acid solution in various concentrations of BWP extract. There were 7 batches with BWP extract composition as follows: 0, 1000, 2000, 3000, 4000, 5000, and 6000 ppm. The tests were carried out at room temperature (298 K). The optimum concentration obtained from the measurement of room temperature was later tested at temperature variations (298, 308, 318, and 328 K). Electrochemical measurement was carried out at room temperature using an Autolab PGSTAT128N. The optimum concentration of inhibitor was tested at temperature variations (298, 308, 318, and 328 K). Specimens that have been prepared were then assembled into an electrochemical cell with Ag/AgCl (3 M KCl) as reference electrode (RE) and platinum as an auxiliary electrode (AE) and then immersed in a batch for 30 minutes. The starting potential was −1.0 V and the scan rate range extended up +1.0 V at Open Circuit Potential (OCP) with voltage scan rate of 0.001 V/s. Inhibition efficiency is calculated by [7, 25, 32] 
where corr and corr( ) are corrosion current density in medium without and with the addition of inhibitors. The Electrochemical Impedance Spectroscopy (EIS) measurement was conducted in the range frequency from 1000 to 1 Hz with amplitude of 15 mA peak-to-peak AC signal galvanostatically at the OCP. The working electrode was immersed in the test solution for 30 minutes to establish constant signal at open circuit potential. Inhibition efficiency using EIS method was formulated by [7, 33] 
where ct dan ct( ) are the resistance of the charge transfer medium without and with the addition of inhibitors. The impedance parameters were calculated by fitting the experimental result to equivalent circuit using NOVA 1.7 software.
Results and Discussion
pH Measurement.
There were no significant changes in pH by the addition of various concentrations of inhibitor. The average pH value of the solution without inhibitor was 1.5 with 3 replications. The presence of inhibitor (1000, 2000, and 3000 ppm) in solution gives the average pH value of 1.48, 1.47, and 1.44, respectively.
Potentiodynamic Polarization Measurements. Data obtained
from polarization are used to analyze the adsorption mechanism [10] . The polarization curves obtained were extrapolated to calculate corrosion parameters such as corr , corr , , and [19, 24] . Table 1 .
The optimum IE% was 97.27% which was gained on the addition of 2000 ppm (Table 1 ). These results indicated that the corrosion rate of 304SS can be inhibited effectively with the increase of concentration that reached 2000 ppm. Increasing of IE% value is proportional to decreasing of current density. Data obtained from polarization are used to analyze the adsorption mechanism [24] . At concentration of 2000 ppm, the smallest current density was produced due to the uniform adsorption of inhibitor molecules on metal surfaces. Optimum inhibition efficiency obtained at a concentration of 2000 ppm and decreased with increasing concentration of inhibitor was suspected physical adsorption mechanism [35] . When the inhibitor addition is more than the optimum concentration, the solution will be saturated. There is possibility for strong interaction between inhibitor molecules in the solution and inhibitor which was attached in the surface of metal so that this layer will be released again into solution [36] . According to Table 1 , anodic Tafel constants ( ) and cathodic Tafel constants ( ) are shown to be irregular. Irregularity of and showed that the BWP extract was a mixed inhibitor that modify the mechanism of anodic dissolution and cathodic hydrogen evolution [9, 37] .
The assumption of physisorption can be confirmed by the polarization measurement at temperature variations ( Figure 2 ). Certainty is indicated by decreased inhibition efficiency with increasing temperature (Table 2) . Physisorption showed the relatively weak dipoles interactions and could cause desorption of BWP extract from the metal surface at high temperature [1, 5] . Based on [38, 39] , IE% decrease with increasing temperature indicated that inhibitor molecules were physically adsorbed on metal surfaces. Increasing of temperature was likely initiated to stop the interaction and the inhibition was not absorbed in the metal surface that caused decreases in inhibition efficiency. Arrhenius equation is
The effect of temperature towards the corrosion rate can be expressed by Arrhenius equation (3) . The Arrhenius equation associated with an activation energy ( ) which is the minimum energy needed for the reaction to occur. The value of can be obtained from the slope of linear regression result between ln corr and 1/ (Figure 3 ). Calculation of value with inhibitor is higher than without inhibitor (Table 3) . The higher energy activation means that reaction occurs slowly and its corrosion rates are sensitive to temperature [21, 40] . As a consequence, the inhibition process of BWP extract on 304SS surface is difficult to occur at high temperature and tends to cause desorption [21, 41] . Besides that, the higher value with inhibitor also showed BWP extract inhibition on 304SS corrosion reaction via adsorption [6, 42, 43] . It is associated with increased passive layer formed on the corrosion process [44] . The result of value is in good agreement with those obtained from the potentiodynamic polarization and reinforces the physisorption on the 304SS surface by inhibitor molecule. The relationships between IE%, temperature, and value are classified into three groups [6, 45, 46] .
(1) IE% decreases with increase of temperature: (solution with inhibitor) > (blank solution).
(2) IE% increase with increase of temperature: (solution with inhibitor) < (blank solution). Based on the result of Tables 2 and 3 , the inhibitor in this study (i.e., BWP extract) was included in the first group.
Adsorption Isotherm of BWP Extract.
In general organic molecules can inhibit metal corrosion by means of adsorption [25] that occurs depending on the chemical composition of molecule, temperature, and electrochemical potential on metal or interface solution/metal [22] . Organic compounds are mixed inhibitors that inhibit both the anodic and the cathodic reactions [9, 18, 22] . Information of inhibitor adsorption on metal surface can be shown by adsorption isotherm [5, 7] . The adsorption isotherm is based on potentiodynamic polarization data. The adsorption isotherm of this study was calculated with some equations: these are Frumkin, Langmuir, Temkin, Freundlich, Bockis-Swinkels, and FloryHuggins [47] . The best fitted result of this study is obeying the Temkin adsorption isotherm equations (4) [11, 48] which is shown in Figure 4 . Temkin equation is
where is the concentration of BWP extract, is the degree of surface coverage, is adsorbate parameter, and is the adsorption equilibrium constant. Based on (4), the value of was calculated as 69.183.
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where Δ ∘ ads is standard free energy of adsorption. The value of 55.5 is the concentration of water in solution expressed in mol. Generally, values of free energy of adsorption up to −20 kJ/mol are consistent with electrostatic interaction between charged molecules and a charged metal (which indicates physisorption) while those more negative than −40 kJ/mol involve charge sharing or transfer from the inhibitor molecules to the metal surface to form a coordinate type of bond (which indicates chemisorption) [20, 45] . The Δ ∘ ads value in this study (Table 4) is characteristic for physisorption. The negative values for Δ ∘ ads ensure the spontaneity of the adsorption of BWP on 304SS surface [7, 20, 33] . This result supports the fact that adsorption of BWP extract is physisorption and that it is in a good agreement with the explanation in Section 3.2.
The values of enthalpy of activation (Δ ∘ ) and entropy of activation (Δ ∘ ) are calculated from a slope (−Δ ∘ / ) and an intercept (ln( / ℎ)+Δ ∘ / ) of linear plot in Figure 5 by [37] 
where ℎ is Planck's constant, is Avogadro's number, is the absolute temperature, and is the universal gas constant. Calculation of the value of Δ ∘ and Δ ∘ is summarized in nature of metal dissolution process in the presence of the BWP extract [20, 37] . The positive value of Δ ∘ means that the adsorption process is accompanied by an increase in entropy, which is the driving force for the adsorption of inhibitor onto the metal surface [45] .
EIS Measurement.
The parameters obtained from the measurement of EIS are the charge transfer resistance ( ct ), Warburg impedance (W), solution resistance ( ), and constant phase element (CPE). Figure 6(a) shows the Nyquist plots for 304SS in 0.5 M H 2 SO 4 solution without and with inhibitor. The interaction between metal surface and solution causes a charge transfer between both of them, measured as ct [11] . The semicircle of Nyquist plot (Figure 6(a) ) indicated the characteristic of roughness and inhomogeneity electrode surface [8, 49, 50] . Moreover, that semicircle in the high frequency region is attributed to the time constant, which is related to both ct and CPE [51] . Warburg impedance was showed by a straight-line in low frequency. W indicates corrosion reaction within diffusion control that may occur due to the diffusion of reactive species [52] . The equivalent circuit model (Figure 6(a) ) illustrates the general case of the frequency response of an interface characterized by charge transfer and diffusion process [51, 53, 54] . In the general frequency, the polarization resistance consists of charge transfer resistance ( ct ), and another resistance such as diffuse layer resistance, accumulated species at metal/interface solution, and inhibitor film resistance [55] . The CPE indicate a different physical phenomenon such as surface inhomogeneity from surface roughness, inhibitor adsorption, and formation of layer [56, 57] .
The responses of frequency of these equivalent circuit models (Figure 6(a) ) depend on the value of charge transfer resistance ( ct ) and diffusion resistance (W). That equivalent circuit model used to fit the result of EIS measurement with Fitting of the experimental result from EIS to equivalent circuit gave all parameters impedance that is summarized in Table 5 . The ct value indicates the amount of inhibition from the BWP extract addition [18, 58] . The diameter of capacitive circle (Figure 6 (a)) with inhibitor is larger than that without inhibitor, where the largest diameter was obtained at the inhibitor concentration of 2000 ppm. The diameter of capacitive circle which increased at inhibitor 2000 ppm indicated that BWP extract increased the charge transfer resistance and gave an inhibition effect on the 304SS corrosion in 0.5 M H 2 SO 4 [51] . Increasing of the ct value with inhibitor addition of 2000 ppm gave a better performance to retard corrosion because of the oxide layer formation [8, 11, 53] .
The inhibition efficiency (IE%) from this method reached 91.42% (Table 5) , which is in a good agreement with the potentiodynamic polarization method.
Mechanism of Corrosion Inhibition.
Inhibitor can retard the corrosion rate of metal in various ways; one of them is via adsorption process. Adsorption retards the corrosion rate by increasing or decreasing the reactant diffusion rate to surface metal and by reducing the electric resistance from the metal surface [13, 19] . Based on the potentiodynamic polarization measurement, the IE% decrease with increasing temperature indicates that physisorption occurred on 304SS surface by inhibitor molecule. The increasing of ct value and decreasing of CPE value also showed adsorption process. The quercetin (Figure 7 aromatic rings [30] that can interact with the vacant orbital of Fe as shown in Figure 7 (b). Those interactions will form thin protective layer (Fe-quercetin complex) which protect the 304SS from the aggressiveness of sulfuric acid. The result of X-ray diffraction (XRD) on Figure 8 shows the presence of Fe 2 O 3 and Cr 2 O 3 , in testing solution either without or with inhibitor addition. There was a smooth surface on metal surface to prevent the corrosion of 304SS through adsorption of the inhibitors on metal surface [23, 59] . At solution without inhibitor, actually the 304SS has passive layer (in the form of Cr 2 O 3 which contains Ni) that directly contacts with the solution and caused concentration of Cr 3+ and Ni 2+ ions to increase. At this condition, Fe is still being protected by that passive layer. Longer contact with the solution may cause the Cr 3+ ion to decompose completely and Fe will be oxidized [60] . The testing solution with inhibitor shows that the presence of Fe 2 O 3 and Cr 2 O 3 peaked at angle of 2 = 44.482 and 75.374 that was related to (−4 0 0) and (6 2 2) planes, respectively. The intensity of Cr 2 O 3 peak in solution with inhibitor is lower than that without inhibitor. This shows that Cr 2 O 3 has dissolved more and cannot protect the 304SS from the aggressiveness of sulfuric acid; therefore, the bigger Fe 2 O 3 (53.34%) was formed. That Cr 2 O 3 passive layer is changed by a thin protective layer as the result of inhibitor molecule adsorption on the 304SS surface. That thin protective layer is shown by the presence of Fe-CHO peak at angle 2 = 42.267 that was related to (1 1 1) [59] . Inhibitor molecules adsorb on the 304SS surface and replace water molecules by transforming to higher stable iron-inhibitor complex [59] . The formation of this complex has also been confirmed by EIS. The results of investigation have shown that BWP extract act as good corrosion inhibitor for 304SS in 0.5 M sulfuric acid. Similar results were obtained using honey derivative as inhibitor in corrosion investigation on carbon steel [15] , copper [24] , aluminium [25] , and CuNiFe [34] alloy in salt environment. Moreover, other investigations reported that the synergistic effect between honey and black radish juice increased the inhibition efficiency on corrosion of tin in aqueous and sodium chloride [16] . The observation that we conducted in the present study was in sulfuric acid solution which makes it different to investigations. There were differences of inhibition efficiency due to the chemical composition of honey derivatives. The comparisons of the investigations result were listed in Table 6 .
Conclusions
(1) The extract of bee wax propolis (BWP) acts as good inhibitor for corrosion process of 304SS in 0.5 M sulfuric acid solution.
(2) The optimum inhibition efficiency is 97.29% and 91.42% at 2000 ppm using potentiodynamic polarization and EIS measurement, respectively. 
